Editor's key points † This study investigates the effects of propofol-induced changes in bispectral index (BIS) on cerebral microcirculation and oxygenation during craniotomies. † In 2 mm cerebral depth, an increase in propofol dosage resulted in increased oxygen saturation (srvO 2 ) without reduction of capillary venous blood flow (rvCBF). † Difference in oxygen content (avDO 2 ) and approximated cerebral metabolic rate of oxygen (aCMRO 2 ) decreased with an increase in propofol dosage in 2 mm cerebral depth. † Alterations in BIS showed no effect on rvCBF, srvO 2 , and haemoglobin amount (rvHb) or on avDO 2 or aCMRO 2 in 8 mm cerebral depth. † These findings suggest that the CBF/CMRO 2 ratio is altered by propofol in a regionally specific fashion.
† In 2 mm cerebral depth, an increase in propofol dosage resulted in increased oxygen saturation (srvO 2 ) without reduction of capillary venous blood flow (rvCBF). † Difference in oxygen content (avDO 2 ) and approximated cerebral metabolic rate of oxygen (aCMRO 2 ) decreased with an increase in propofol dosage in 2 mm cerebral depth. † Alterations in BIS showed no effect on rvCBF, srvO 2 , and haemoglobin amount (rvHb) or on avDO 2 or aCMRO 2 in 8 mm cerebral depth. † These findings suggest that the CBF/CMRO 2 ratio is altered by propofol in a regionally specific fashion.
Background. Propofol reduces cerebral blood flow (CBF) secondary to cerebral metabolic depression. However, in vitro and in vivo studies demonstrate that propofol directly dilates the vascular smooth muscle. This study investigates the effects of propofolinduced changes in bispectral index (BIS) on cerebral microcirculation and oxygenation during craniotomies.
Methods. In 21 craniotomy patients undergoing routine craniotomy, anaesthesia was maintained with propofol 4-10 mg kg 21 h 21 and remifentanil 0.1 -0.4 mg kg 21 min 21 .
Propofol concentration was adjusted to achieve higher BIS (target 40) or lower BIS (target 20). Regional measurements of capillary venous blood flow (rvCBF), oxygen saturation (srvO 2 ), and haemoglobin amount (rvHb) at 2 mm (grey matter) and 8 mm (white matter) cerebral depth were randomly performed at higher and lower BIS by combined laser-Doppler flowmetry and spectroscopy. Calculations: approximated arteriovenous difference in oxygen content (avDO 2 ) and cerebral metabolic rate of oxygen (aCMRO 2 ). Results: mean values (SD). Statistics: Mann -Whitney test (*P,0.05).
Results. Human cerebral microcirculation and oxygen saturation were assessed at propofol dosages 5. (7)]. Propofolinduced reduction in BIS resulted in increased srvO 2 (P¼0.018), and decreased avDO 2 (P¼0.025) and aCMRO 2 (P¼0.022), in 2 mm cerebral depth, while rvCBF and rvHb remained unchanged. In 8 mm cerebral depth, srvO 2 , rvCBF, rvHb, and also calculated parameters avDO 2 and aCMRO 2 remained unaltered.
Conclusions. Findings suggest alteration of the CBF/CMRO 2 ratio by propofol in cortical brain regions; therefore, it might be possible that propofol affects coupling of flow and metabolism in the cerebral microcirculation.
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Propofol (2,6-diisopropylphenol) is a short-acting, i.v. hypnotic agent widely used for the induction and maintenance of general anaesthesia. In vivo studies confirmed that propofol reduces cerebral blood flow (CBF) secondary to a decrease in cerebral metabolic rate of oxygen (CMRO 2 ) under maintenance of the coupled relationship between CMRO 2 and CBF. 1 2 However, there is some evidence that propofol also modulates the CBF/CMRO 2 ratio. 3 Studies in rats, hamsters, and pigs demonstrate that propofol induces generalized vasodilatation through the arterial tree. 4 -6 This effect is present in large cerebral arteries (e.g. pig basilar artery) exposed to clinically relevant propofol concentrations. However, in cerebral microvessels (e.g. rabbit pial arteries), vasodilatation occurs only with high (e.g. 10 24 mol litre 21 ) concentrations of propofol. 6 -8 This suggests dose-related regionally specific vascular effects of propofol along with changes in cerebral metabolism. A novel device (O 2 C-device, oxygen-to-see-device, LEA Medizintechnik GmbH, Giessen, Germany) allows for instantaneous regional measurement of cerebral microcirculation and oxygen saturation. 9 10 Capillary venous CBF (rvCBF), oxygen saturation (srvO 2 ), and haemoglobin amount (rvHb) are determined in cerebral microcirculation using combined laser-Doppler flowmetry (rvCBF) and photospectrometry (srvO 2 , rvHb). Additional measurement of arterial blood gas analysis allows for calculation of arteriovenous difference in oxygen content (avDO 2 ) and simultaneous measurements of rvCBF and srvO 2 allow calculation of approximated cerebral metabolic rate of oxygen (aCMRO 2 ). The objective of the present study was to investigate the effect of two different concentrations of propofol (i.e. different depths of anaesthesia) on human cerebral microcirculation (rvCBF, rvHb), cerebral oxygenation saturation (srvO 2 ), and calculated metabolic parameters (avDO 2 , aCMRO 2 ). It was hypothesized that in the presence of functional neurovascular coupling, suppression of brain metabolism by propofol would lead to (i) decreases in rvCBF; (ii) increases in srvO 2 ; and (iii) no change in avDO 2 . 
Methods

Intraoperative measurements
The measurement principle of the device relies on the transmission of near infrared and visible light to tissue and has been described in detail in previous studies. 9 10 The complete set-up of the device including connection of the measurement probe, start of the personal computer, and calibration of the probe to white light required a 5 min period. The light source of the measurement probe was sterilized with alcohol solution. The probe was covered with sterile polyurethane protective for ultrasound transducers (Ultracover 87110, Microtek Medical, Zutphen, The Netherlands) and flushed with warm saline solution. Patients were randomly assigned to the first measurement at lower (target BIS¼20) or higher (target BIS¼40) BIS. After introduction of anaesthesia, propofol dosage was adapted (4-10 mg kg 21 h 21 ) until target BIS target level was reached. After a stabilization period for 30 min, when BIS remained stable, the probe was applied carefully without pressure to macroscopically healthy surface of cortical tissue next to the site of surgery. The probe was then covered with swabs to exclude artificial light effects. After a stabilization period of 20 s, the first set of measurements was performed resulting in 40-60 single measurements. Thereafter, the probe was removed. Levels of initially lower BIS were altered to higher BIS or vice versa by adjustment (increase or decrease) of propofol dosage. At steady-state conditions, the probe was replaced to the identical area of cortical tissue and measurements were repeated in the same manner. All data obtained were stored electronically. Physiological variables including MAP, HR, Sp O 2 , Temp, FI O 2 , Hb, haematocrit (Hc), and arterial blood gases were controlled and maintained constant over time. When appropriate, MAP was stabilized by repetitive administration of the sympathomimetic agent Akrinor w (bolus of 0.25 ml i.v.). A 2 ml ampoule of Akrinor w (AWD Pharma, Dresden, Germany) contains cafedrine-hcl 200 mg and theodrenaline-hcl 10 mg. The substance acts predominantly on b 1 -and b 2 -receptors and elevates arterial pressure by an increase in venous return and cardiac output. The effect of Akrinor w on cerebral vasculature has not been investigated. A WarmTouch w (Covidien, Boulder, CO, USA) system was applied to maintain core temperature, which was measured via the urine catheter. In the case of intraoperative bleeding, Hb concentration was maintained .8.0 mg dl 21 by repetitive administration of 2 units (250-300 ml) of red blood cells.
Statistical analysis
Oxygen content of arterial blood (CaO 2 ) was calculated using the equation: CaO 2 (ml dl 
Results
Twenty-one patients were recruited and measurements were completed in 15 patients. In three patients, measurements
could not be performed because of intraoperative bleeding which was not caused by the probe. In another three patients, the craniotomy was too small (,3 cm) for adequate probe placement. There were no hardware, probe, or user failures of the O 2 C-device. The set-up time of the device was 5 (2) min. During the hospital stay and routine neurosurgical follow-up examinations, no adverse effects including bleeding, infection, tissue damage, and neurological deficit were observed that could be attributed to the cortical positioning of the probe. Patients were comparable with respect to intracranial pathology, patient characteristics, and surgical covariates ( 
Discussion
We found that an increase in propofol dosage did result in increased srvO 2 in 2 mm cerebral depth without reduction in rvCBF. Likewise, calculated parameters avDO 2 and aCMRO 2 decreased with an increase in propofol dosage. We also found that alterations in BIS showed no effect on measured (srvO 2 , rvCBF, rvHb) or calculated (avDO 2 , aCMRO 2 ) parameters in 8 mm cerebral depth. These findings suggest that the CBF/CMRO 2 ratio is altered by propofol in a regionally specific fashion.
Cortical capillary venous blood flow (rvCBF)
Although much is known about the regulation of CBF and CMRO 2 , information with regard to the human cerebral microcirculation is limited. 12 In vitro, propofol inhibits extracellular calcium influx through voltage-gated calcium channels inducing vasodilation, while in vivo CBF decreases dose-dependently with propofol. 4 -6 This effect is likely related to a dose-dependent depression of CMRO 2 . In the present study, changes of propofol concentration had no impact on rvCBF in 2 and 8 mm cerebral depth (Fig. 2) . Former studies performed with the O 2 C-device revealed similar mean rvCBF values and confirmed the present results, in that changes of propofol concentration (4 vs 6 mg kg 21 h 21 ) had no influence on rvCBF. 9 10 The lack of rvCBF decrease despite reduction in BIS may relate to direct microvascular dilation. This infers that cortical coupling of metabolism and flow is disturbed by propofol. The neurovascular coupling relationship is intrinsically sensitive to different levels of anaesthesia and may be impaired (nonlinear correlation) or abolished (no correlation) during deep anaesthesia. 13 Another explanation is that some i.v. anaesthetics (e.g. propofol, thiopental) may alter the capillary perfusion leading to impairment of oxygen extraction capabilities. 14 15 A recent human study demonstrates that propofol collapses capillaries and thereby decreases capillary blood flow in the sublingual mucosa. 12 This phenomenon could not be confirmed by the present study. At this time, it appears to be wise, however, to consider avoiding propofol administration in patients with reduced microcirculatory function such as in severe organ dysfunction, sepsis, or shock. 16 -18 However, propofol has been shown to be neuroprotective in animal experiments. The neuroprotective effect of propofol is attributed to its antioxidant property, the potentiation of GABA-A mediated inhibition of synaptic transmission, and the inhibition of glutamate release. 19 20 Cortical capillary venous oxygen saturation (srvO 2 )
As arterialized blood transits through cerebral vasculature oxygen is extracted from cerebral tissue. Owing to the high CMRO 2 , pericapillary PO 2 gradients are profound in cerebral grey matter. 21 22 The present study showed mean srvO 2 values of 44% in 2 mm and 59% in 8 mm cerebral depth at BIS of 40 (9) (Fig. 2 ). An increase in propofol dosage [5. (Fig. 3) . Cerebral grey matter is the area with the highest synaptic activity and metabolic demand. It seems, therefore, reasonable that srvO 2 increases in 2 mm cerebral depth with an increase in propofol dosage. Animal studies determined an oxygen saturation of 54-59% at the venous end of cortical capillaries in rat cerebral cortex. 23 Clinical studies revealed a mean venous cortical oxygen saturation between 40% and 70%. 24 -26 Studies in humans using the O 2 C-device measured cortical srvO 2 between 46% and 59%. 9 10 In accordance with the present study, different mean srvO 2 values in 2 mm (47%) and 8 mm (54%) cerebral depth have been described. 9 A normal (5-7.5 mg dl 21 ) avDO 2 would suggest that CBF is coupled to CMRO 2 , while an elevated avDO 2 would indicate uncoupling or inadequate CBF (relative ischaemia). 27 avDO 2 calculations in the present study are prone to an error because CvO 2 has only been approximated using estimated pH, base excess, and temperature. 11 The authors highlight, however, that under anaesthesia with propofol, a relatively large amount (41 -56%) of oxygen is extracted from cerebral tissue.
Cortical capillary venous Hb amount (rvHb)
The filling of cerebral microvessels is dependent on capillary density, recruitment, arterial upstream, and venous drainage of blood. 28 Mean rvHb levels were within normal limits 
21
, BIS 21 (7)]; srvO 2 , regional capillary venous cerebral oxygen saturation; rvCBF, regional capillary venous cerebral blood flow; rvHb, regional capillary venous cerebral Hb concentration. n ¼ 15 patients. 
Bispectral index
A linear relationship between reduction in CMRO 2 and decreasing BIS has been demonstrated during propofol anaesthesia. 30 Furthermore, a positive correlation was found for BIS and propofol brain effect-site concentration. 31 32 Therefore, the authors assume that a change in BIS from BIS 40 (9) (normal anaesthetic state) to 21 (7) (deep anaesthetic state) reflects a suppression in CMRO 2 ( Fig. 1) . In 14 of the 15 patients, BIS decreased after an increase in propofol concentration; however, one patient showed a paradoxical increase in BIS (Fig. 1) . To our knowledge, this phenomenon has not been described in the literature and may be caused by a measurement problem or artifact. BIS is mainly influenced by additive hypnotics, opioids, or inhalation agents. Neuromuscular blocking agents, choline esterase inhibitors, b-blockers, or electric signals may produce BIS artifacts. 33 In the present study, propofol and remifentanil were the only drugs administered. Remifentanil demonstrated potent synergy with propofol in affecting BIS 34 and may affect BIS readings at higher drug concentrations. 35 However, remifentanil dosage was only minimally altered during experiments in the present study and effects on BIS are unlikely.
Limitations
BIS has been measured at the non-operated hemisphere and reflects CMRO 2 contralateral to the site of measurement of cerebral microcirculation and oxygen saturation. However, the authors assume that BIS reflects a normal [BIS 40 (9) ] and deep [BIS 21 (7) ] anaesthetic state in both hemispheres. This study was possible because of the use of a novel device combining laser-Doppler flowmetry and photo-spectrometry. For brain tissue, this approach allows simultaneous measurements of rvCBF, srvO 2 , and rvHb. 9 10 Ideally, alterations of CBF and oxygenation should be evaluated at various sections (arterial, capillary, venous) of vasculature. 21 The approach to measure at the venous side of microcirculation seems to be rational as oxygen extraction fraction will increase in the case of cerebral tissue ischaemia. 36 Furthermore, little is known on the effects of anaesthetic agents on human microcirculation. The technology is easy to set up, provides real-time data, and is even easy to use continuously during neurosurgery if the probe is not disturbing the site of surgery. However, the device has a number of significant limitations. The main one is that the device requires contact to the brain surface. Therefore, it is only applicable during craniotomies. Measurements may be influenced by neurosurgery, brain retraction, autonomic nerve system, cortical temperature, or CO 2 diffusion. Furthermore, the effect of Akrinor on cerebral measurement cannot be ruled out. The substance Human cerebral microcirculation and oxygen saturation had been given during normal and high propofol dosages to elevate arterial pressure acting by an increase in venous return and cardiac index. The mean thickness of the human grey matter is 2.5 mm; however, cortical thickness may vary (1-5 mm) in different brain regions. 37 Furthermore, metabolism and flow significantly vary in different brain regions. 2 22 Finding a macroscopically (avascular) healthy site for the probe placement is dependent on the size (.3 cm diameter) and location (supratentorial better than infratentorial) of craniotomy. In the case of bleeding during neurosurgery, the blood film on the cerebral cortex results in inaccurate measurement. The main disadvantage of laser-Doppler flowmetry is its non-quantitative measurement. Physiological variance and inaccuracy of measurements, especially at very low and very high values and also critical thresholds for pathophysiological states (e.g. cerebral ischaemia, hypoxia), are currently unknown for human cerebral tissue.
Conclusion
Combined laser-Doppler flowmetry and photo-spectrometry allows regional real-time measurement of human cerebral microcirculation (rvCBF, rvHb) and oxygen saturation (srvO 2 ). 2 decreased with an increase in propofol dosage. Unchanged rvHb levels indicate good filling of cerebral microvessels and adequate venous return of blood. In 8 mm (white matter) cerebral depth altered propofol dosage showed no effect on measured (vCBF, rvHb, srvO 2 ) or calculated (avDO 2 , aCMRO 2 ) parameters. These findings suggest that cerebral metabolic demand may be reduced by propofol administration in cortical regions; however, under alteration of the CBF/CMRO 2 ratio.
